The application of an airplane to explore Mars may become an important research aera due to some distinctive advantages such as the large detection range and good maneuvering characteristics. Also, the resulting works have the strong forward-looking and driving actions which are helpful for mankind to realize the intergrated design dreams concerning aerospace technologies. This paper discusses the complex modeling and sliding control law design issues for Mars airplane. First, the particular features with regard to atmospheric environment on Mars are considered to explain the Martian flight principles as well as to provide the faced new challeges in comparison to the conventional airpalne on Earth. Afterwards, the mathematical model of Mars airplane is established using the isolation methods, and based on this built model the dynamic characteratics are analyzed under the Martian atmospheric environment in order to indicate the importance of the control actions. Furthermore, the sliding control law is proposed to meet the anticipated demands including robust stability and adaptive track response. Finally, a simulation example is given to verify the effectiveness of the proposed modeling and control methods, and the according works will also provide the good theoretical reserve and technical support to independently develop Mars airplane in the future.
Mars topography. Unlike them, Mars airplane can fly over thousands of kilometers to realize the respected tasks, even with some scientific exploration equipments. Accordingly, the observation section using Mars airplane can be extended [4] . Aslo, the application of Mars airplane makes human beings can not only master Martian surface knowledge, but also investigate the Martian atmospheric condition. These exploration results provide valuable supports to recognize the solar system and look for a new territory of human [5] . Therefore, the development of Mars airplane may become an interesting research direction for the future deep-space exploration. These related technologies involving a number of high-tech aerospace fields can are applied to other planet vehicles to realize the interplanetary exploration missions.
In recent decades, Mars exploration has never stopped even when mankind pays more attentions to the lunar. In the United States, a series of Mars probes are launched to achieve the scientific goals, such as Sputnik-22 and Sputnik-24 [6] . In particular, Mars Exploration Rover (MER)-"Spirit" landed successfully on the surface of Mars on January 4, 2004. More lately, the Mars probe named as "Curiosity" disembarked safely on August 6, 2012, and the challeging tasks are completed, consisting of rocks drilling and samples acquiring. These undertook works will help to understand the issues of Martian habitability, as well to find the valuable resources for Mankind. In fact, the concept of Mars airplane is presented first in 1979, and recently a new Mars exploration project called ARES (aerial regional-scale environmental survey) was launched by NASA [7] . This Mars airplane adopts the folded wings and tails so as to save installation space, but such configuration will bring new challenges to the structure and control design accordingly [8] . In addition, Mars airplane-STARTIGER is developed by European Space Agency to study the glider technologies depending on the solar-powered on Mars. At the same time, other countries such as Russia, France and Germany are also concerned about the development of Mars airplane because such technologies represent comprehensive national strength concerning the aerospace fields.
The studies of Mars airplane focus on some aspects, consisting of the autonomous navigation, mission program planning and trajectory optimization [9] . Besides these, there are also some controlrelated works undertaken for Mars airplane such as airplane modeling, dynamic features analysis and robust control design. To be specific, the overall mission program of Mars airplane is planned in [10] . Based on this program, Reference [11] generalizes the encountered issues and demands in the flight process under the Martian environment. Also, the mathematical model of Mar airplane is established in accordance with the aerodynamic parameters, provided in [12] , and then for this constructed model the dynamic characteristics with regard to low Reynolds are discussed in [13] . Furthermore, the gain schedule methods are applied to design the longitudinal and lateral control laws for Mars airplane in [14] , and the corresponding control structures are set up in SIMULINK to verify the feasibility of the proposed methods. What's more, LQR and multivariable robust control methods are used to design the robust control system of Mars airplane to suppress the uncertain disturbances and meet the flight stability requirements [15] . In general, designing the suitable control law is critical for Mars airplane to fulfill the complicated flight tasks and maintain system stability throughout the large flight envelope. Simultaneously, these control design process needs to synthesize the aerospace technologies, reflecting the high-tech features, thus the according works are very challenging to implement the given goal in the practical application.
In this paper, some modeling and control issues are discussed for Mars airplane. The first question involves the understanding of the Martian flight conditions where the main environmental parameters are different from these on Earth. The second problem relates to the airplane modeling and the dynamic characteristics analysis. The third aspect deals with the sliding control law design to inhibit the uncertain effects and realize the command track. Especially, the fine and phased control strategy is proposed for Mars airplane with consideration of low air density, leading to the inefficient elevator control. Lastly, a simulation example is given to validate the effectiveness of the proposed methods.
FLIHGT CONDITION ANALYSIS FOR MARS AIRPLANE
Flight characteristics of Mars airplane are determined by the nature of the Martian atmosphere. In particular, atmospheric density on Mars is much lower than that on Earth, leading to lack of enough lift due to small wing loading [16] . Not only that, the high cruise velocity is needed to generate enough lift to support the airplane weight, but such flight process needs to be performed in the unconventional flight condition corresponding to a low Reynolds number, thus significantly affecting the flight features and dynamic performances [17] . As a result, special care must be taken in the airplane modeling control design to avoid the dramatic changes in the flight states with the low Reynolds number, high Mach number flight conditions. On the other hand, using the Earth-Mars similarity criteria [18] , Mars airplane may be considered analogous to a micro air vehicle because of the similar operating environments such as the low Reynolds number, light flight mass and lift-drag feature.
To explain the similarity, the following works will quantify and compare the different environmental characteristics between the Martian condition and the terrestrial condition. First, the approximate computation equations are provided to obtain the Mars atmosphere parameters. They are expressed by [15] (1)
where denote respectively the temperature, the speed of sound and the pressure along with the flight altitude h on Mars; whereas , . Furthermore, the atmospheric density ρ M and the gravitational acceleration g M in the Martian surface are estimated by [15] (2)
where . Alternatively, the atmosphere parameters on Earth are provided by [19] (
where . According to Equations (1)-(3), some typical characteristics between on Earth and on Mars are compared, and the according results are approximately given in the following equation.
where ϒ denotes the kinematic viscosity; the subscripts M,E represent the relevant parameters with regard to the Mars and the Earth, respectively. Equation (4) shows that the atmosphere density on Mars is around 80 times lower than that on Earth, but fortunately the gravitational acceleration on Mars is only 40% of that on Earth, thus the continuous flight on Mars becomes possible. However, the Mars airplane design is very challenging due to the special flight conditions, as well as lack of the practical engineering experience. Additionally, the speed of sound on Mars is only 66.5% of that on Earth, thus [20] , and at the same time the wind velocities in the Martian surface are significantly variable with the time of year and location such that Mars airplane is easily affected by the external circumstance. As a result, the optimal overall design in combination with the robust control action is essential for Mars airplane to implement such a daunting task. Furthermore, the computation equation of Reynolds number around the airplane wing is expressed by (5) where v indicates the flight speed; cdenotes the mean aerodynamic chord. Accordingly, the values of ratios of the drag coefficients C L , C D between on Mars and on Earth are approximately provided by [18] 
Furthermore, based on the Earth-Mars similarity criteria, the similar flight conditions concerning the Martian surface and the terrestrial surface are considered, so when Re M = Re E , accordingly .
In this case, the resulting lifts and drags are approximately equal for Mars airplane and Earth airplane. Nevertheless, if they fly the same velocity, Equation (5) tells us that based on Equation (4), and this demonstrates Mars airplane and Earth micro air vehicle may have some similar aspects despite the different wingspan sizes, including the light body mass, the congenial Reynolds number and the lift-drag feature. On the other hand, we consider the power for leveled flight, and it is approximately expressed by [21] (7)
where k mass denotes the mass per unit area; Srepresents the airplane area. According to Equation (7), if the mass per unit area and the aerodynamic forces for Mars airplane and Earth airplane, the value of ratios of the airplane area in line with Equation (4) is approximately obtained by (8) Equation (8) shows that the power for leveled flight is larger on Mars when Mars airplane area is equal to Earth airplane area. Therefore, the increment of the airplane area can decrease the energy consumption which is very important to Mars airplane. Moreover, Mars is approximately 1.5 times more distance from the sun than Earth [20] , and thus the larger airplane area can absorb more energy in solar-powered flight.
In general, the flight conditions of Mars airplane are completely different from the conventional airplane on Earth, and this will have the significant impact on the according flight features. For example, The Mars airplane needs to keep the relatively high velocity to generate the required lift, and simultaneously high flight speed makes the airplane area moderate in accordance with Equation (5) . Therefore, the high speed flight in a low flight Reynolds is a challenging and unexpected task. However on the other hand, through comparative analysis in relation to the Earth-Mars similarity criteria, we find that Mars airplane may be considered analogous to a MAV. Also, some MAV research means can be introduced to design Mars airplane such as the analysis methods of the low flight Reynolds [22] , the long endurance technologies with the light weight [23] , the optimal sensor placement approaches [24] . More importantly, the multidisciplinary design optimization ideas of MAV can be applied to design the overall configuration of Mars airplane, thus the tradeoff relations among the airplane mass, the aerodynamic
vc Re parameters, the overall performances and the control actions can be satisfied to realize the consumed energy optimization and complete the anticipated goals.
MATHEMEATICAL MODEL OF MARS AIRPLANE
The flight environment on Mars is differential from that on Earth, thus the dynamic features of Mars airplane are especial in comparison to the conventional aircraft. In particular, Mars airplane will encounter the complicated flight conditions such as low Reynolds, sound barrier, low atmospheric density and low gravitational field. These factors will have the direct effects on the modeling accuracy, trajectory track and control authority, as well as successful task completion. Therefore, we first need to establish the mathematical model of Mars airplane to perform the following works. In this task, the isolation methods are introduced to build the integral model of Mars airplane, consisting of the aircraft itself, the parachute and other parts. The corresponding dynamics equation of Mars airplane is expressed by [12] 
where G → is the gravity vector; P → denotes the thrust vector; R → represents the aerodynamic force vector; f → indicates the force vector of the traction umbrella. Therefore, G → is determined by
where m 1 is the mass of Mars airplane; g denotes the gravitational constant; θ represents the flight path angle; φ indicates the velocity yaw angle. Furthermore, we assume that the thrust direction parallels to the body axis, and then get (12) where α is the angle of attack; β denotes the sideslip angle; γ represents the velocity roll angle. Besides, Mars airplane is subject to the aerodynamic forces, including the drag Q, the lift Y and the lateral force Z, and the according results are shown as 
On further consideration, Mars airplane is exerted by the force vector of the traction umbrella, and this force can be divided into three components f 1 , f 2 , f 3 along with the body coordinate system. It is expressed by [12] (14)
Following that, we substitute Equations (10), (12), (13) and (14) to Equation (9), and have [15] (15) Through the appropriate transformation regarding Equation (15), we have 
where ω 1 , ω 2 , ω 3 denote the attitude angle velocities along with the body coordinate system. Also, the attitude dynamic equations are derived from the momentum theorem, and they are written as (19) where J denotes the moment matrix of inertia; ;
. Especially, the resulting moments consist of the aerodynamic moment and the traction moment due to the umbrella action, and they are expressed by (20) where M R1 , M R2 , M R3 indicate the roll moment, the pitch moment and the yaw moment, respectively; whereas L 1 , L 2 , L 3 are the displacement components along with the body axis, and they show the distances from the umbrella action point to the center of mass. Furthermore, Equation (20) is substituted into Equation (19), and we have Therefore, Equations (16) , (17), (18) and (21) constitute the complete mathematical model of Mars airplane. Based on this model, the according dynamic characteristics can be analyzed and the trim flight states can be solved. More importantly, by simplifying airplane models, the robust adaptive control law can be designed in line with the given application demands. In this work, it is the longitudinal model of Mars airplane that is considered for Mars airplane, as a result that the according constraints are substituted into the complete mathematical model of Mars airplane, then the resulting longitudinal model of Mars airplane is expressed by [25] 
In Equation (22), constitute the flight state vector X → , but these variables are affected by the uncertain external disturbances such as the Mars wind. Also, the unexpected transonic response may be induced such that the singular states occur. These will endanger the flight safety of Mars airplane. Therefore, designing the suitable controller is very essential to guarantee flight stability.
SLIDING CONTROL LAW DESIGN FOR MARS AIRPLANE
The sliding control is a kind of advanced control method to address the control issues of the complex system such as the aircraft, the robot and the spacecraft. The according structures of the controller change with the given rules such that the designed control system has the adaptive ability to inhibit the uncertain disturbance and inherent parameter variation. For the longitudinal model in Equation (22), we first need to identify the sliding surfaces, as shown in the following equation. (23) where λ V , λ h are the selected positive numbers, respectively; v d , y d represent respectively the flight velocity command and flight altitude command; n V , n h denote the exponents of the sliding surface, respectively. Furthermore, we assume that the umbrella action forces are neglected due to the sufficiently small values, and simultaneously the relations of the lift, the drag and the pitch moment are satisfied by [26] (24)
Based on the reference [27] , after the successive differentiations with regard to the velocity and the altitude, the nonlinear model in Equation (22) can be transformed into the following linear model. (25) Equation (25) reveals that the differential degree is equal to the system rank when the propulsion model is selected as (26) This also shows the nonlinear model of Mars airplane can be completely linearized if the aerodynamic forces and moments meet with Equation (24). What's more, let (27) If B is reversible, Equation (25) can be changed into the following form (28) where v represents the pseudo-control inputs. In turn, we perform the first differentiation with regard to Equation (23), and then have [28] (29) Equations (25) and (28) where ∆v, ∆h 0 (4) , ∆b 11 , ∆b 12 , ∆b 21 , ∆b 22 denote the uncertain items, respectively. Further, the control inputs are selected as the following equation
where k V , k h are the given positive numbers. Accordingly, the system outputs v and y will approach to the given command signals v d and y d . In order to prove the control law feasible, we presume that the uncertain factors are bounded in this work, and they are expressed by ≤ 0 when k V , k h are sufficiently large such that the system can reach the given sliding surfaces using the sliding control law in Equation (31). Thus, the track errors e V and e h will converge to zero under the uncertain flight condition.
SIMULATION ANALYSIS
In the simulation, the model properties of ARES aircraft in Reference [2] are used. However, the aerodynamic parameters of this Mars airplane are listed with the tabular form, thus the specific expressions need to be determined first. In this task, we adopt the least squares methods to get the corresponding results with regard to C L , C D and C M in order to investigate the dynamic characteristics and utilize the sliding control system. Especially, the maximum thrust value is considered as 250N, so δ Tc = T/250 . Based on these model parameters, when the flight points are selected as V 0 = 150.06m/s,h 0 = 2440m, the trim state points can be calculated as: α r = 1.78˚, δ er = -1.63˚, δ Tcr = 0.145˚ in the following constrained condition that -20˚ ≤ δ e ≤ 20˚ and 0 ≤ δ c ≤ 1. In this trim states, the control command signals are exerted as: ∆v = 50m/s;∆y = 10m. Furthermore, we select that k V = k h = 5, λ V = λ h = 1, and after passing 150s the according simulation results are demonstrated in the following figures. In Figure 1 , the flight velocity and flight altitude follow rapidly the given command signals, and simultaneously the track errors are small. These results show that the sliding control law can ensure system stability and realize the coordinated control between the flight velocity and altitude. Furthermore, the control inputs and sliding surfaces change are shown in Figures 2 and 3 . We find that the angle of attack can return the new equilibrium value in line with the control action, and at the same time the control inputs change suitably to satisfy the rapid and compatible response demands. Also, these results illustrate that when the flight speed and height have a little change, the trim states such as the angle of attack, the elevator deflection and the propulsive coefficient alter dramatically. This is because that low atmospheric density will undermine the elevator control ability, whereas the thrust is relatively small to maintain the trim relations between the drag and the propulsive force. In addition, the control inputs are easy to reach the saturation values when the outputs follow the given command signals. Thus, the control issues of Mars airplane are challenging with further consideration of the uncertain factors and large maneuvers, thus the fine and phased control strategy need to be considered to implement the given track task.
Followed that, we divide the velocity command into five parts, and simultaneously 20% uncertainties are exerted to the lift and the drag, and these are regarded as the effects on the Martian atmosphere parameters change. Correspondingly, the response curves are acquired in the following Figures.  Figures 4, 5 and 6 tell us that the velocity can follow the phased commands, while the angle of attack changes harmoniously such that the flight speed increment reaches to 50m/s at length. Furthermore, compared with Figure 2 , the saturation values of the control inputs do not appear due to the application of the phased control strategy when the same control structure is used. These results reflect that the control process of Mars airplane requires a smooth transition if the control commands are too large to realize so as to escape the control saturation, as well as to avoid the large increments in the flight states. On the other hand, the track results are satisfactory even in the presence of the large uncertainties of the aerodynamic force, and the elevator and the sliding surfaces appear oscillation due to the uncertain effects. Compared with the gain scheduling control methods [15] , the sliding control has stronger robustness and better adaptability because of the existence of the sliding surfaces. More importantly, system stability in the sliding control process can be proved for Mars airplane as long as the uncertainties are bounded, whereas the stability proof of the gain scheduling control is difficult The sliding surface wih regard to the altitude especially when the control gains are switching. In fact, the sliding control approaches can be combined with other advanced control strategies such as the feedback linearization control and linear parameter varying control in order to improve the control performances and broaden the application ranges for Mars airplane. Furthermore, the sliding control law is designed for Mars airplane so as to suppress the uncertain disturbance and improve system performance. Finally, a simulation example is provided to verify the reliability of the presented methods. By studying the issues of the complex modeling and sliding control, we find that Mars airplane is a kind of special vehicle that needs to be investigated using some advanced design ideas such as the multidisciplinary design optimization and intelligent autonomous control, even the airplane morphing technologies should be applied for Mars airplane to implement the challenging goals. At the same time, we believe the relevant works of this paper will provide the helpful information for Mars airplane to meet the complicated task demands in the future. 
